Introduction
Anterior ischemic optic neuropathy (AION) is the most common acute optic neuropathy in patients older than 50 years and often leads to debilitating and permanent loss of vision. 1, 2 It is generally agreed that non-arteritic AION (NAION) results from acute ischemia of the optic nerve head. Although the pathogenesis is not entirely known, NAION is related to a combination of factors including age, anatomy, vascular supply, compartment syndrome, and hypoxemia during sleep. 3 There is no current known treatment, but about 40% of patients can have spontaneous visual improvement in the weeks following onset. 4, 5 Spontaneous visual improvement in NAION may be attributed to different reasons, including resolution of retinal edema and subretinal fluid. A study of 76 patients with AION using OCT demonstrated the presence of subretinal fluid in about half of patients and subfoveal fluid in about 10% of cases. 6 A more recent case report has shown similar findings. 7 Subretinal fluid can collect under the retina in several conditions, generally as a result of more fluid gaining access to the subretinal space than can be removed by physiologic mechanisms. 8 The clinical significance of the subretinal fluid is unknown. Subretinal fluids are best detected using macular OCT, although macular OCT scans are currently not routinely performed in cases NAION. In recent years, there have been a number of animal models of AION. 9 Specifically, photochemical thrombosis animal models of focal optic nerve head ischemia seem to reproduce closely the pathology following human NAION. This has been achieved in mice, rats, as well as primates. [10] [11] [12] [13] [14] [15] Subretinal fluid has not been described in the animal models of NAION.
Here we report a case of a patient with intra-retinal and subretinal fluid associated with NAION. We then use the murine photochemical thrombosis model of AION to investigate the prevalence of subretinal fluid in murine AION using spectral-domain optical coherence tomography (SD-OCT).
Materials and methods
We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers/animals were followed during this research. All experiments were conducted in accordance with the ARVO Statement for Use of Animals in Ophthalmic and Vision Research and Stanford Administrative Panel on Laboratory Animal Care.
Clinical case
A 68-year-old man with history of hyperlipidemia presented to the eye clinic after experiencing painless loss of inferior visual field in his left eye for 1 week. He did not have a diagnosis of sleep apnea but has snored constantly for years. We performed a complete history, physical examination, laboratory tests, and ancillary testing including visual field, SD-OCT (Cirrus HD-OCT, Carl Zeiss Meditec, Jena, Germany), fluorescein angiography, and fundus photography.
Animals
Wild-type C57BL/6 mice were purchased (Charles River, Wilmington, MA, USA) and housed in 12-h light 12-h dark cycle with food and water ad libitum. For in vivo experiments, mice were anesthetized with an intraperitoneal injection of a combination of ketamine (20 mg/kg) (Phoenix Scientific, Saint Joseph, MO, USA) and xylazine (6 mg/kg) (Phoenix Scientific). The pupils of anesthetized mice were dilated with 1% tropicamide (Alcon Laboratories Inc., Fort Worth, TX, USA) and 2.5% phenylephrine hydrochloride (Akorn Inc., Lake Forest, IL, USA).
Murine photochemical thrombosis AION model
We used a mouse photochemical thrombosis model of NAION that we have previously described, 14, 15 and we have performed this injury model in hundreds of adult mice. To induce optic nerve head ischemia, we injected rose bengal (1.25 mM in phosphate-buffered saline, 2 ml/kg animal weight) intravenously through the tail vein, then exposed the optic disc to 15 consecutive laser spots with 400-mm diameter, 50-mW power, and 1-s duration using a frequency-doubled 532 nm Nd:YAG laser (Pascal, OptiMedica, Sunnyvale, CA, USA). For each animal, we induced AION in one eye, and the contralateral eye served as control.
In vivo SD-OCT and analysis of subretinal fluid
On day 1, week 1, 2, and 3 after AION induction, the mice were anesthetized and imaged using SD-OCT (Spectralis, Heidelberg, Germany). The digital highmagnification lens (Volk Optical Inc., Mentor, OH, USA) was mounted in the front to improve clarity of images. Each eye was lubricated with artificial tears and covered with a custom-made contact lens made with a custom punch and Aclar film (Ted Pella, Inc., Redding, CA, USA). 16 The SD-OCT circular scan mode consisted of a diameter of 121 centered at the optic nerve head. The volume scan consisted of 25 horizontal B-scans spanning a 151 Â 151 area centered on the disc. The presence of subretinal fluid was qualitatively graded as small, moderate and large amounts. The location of the subretinal fluid was noted to be inferior, superior, or both in reference to the center of the optic disc. We calculated the volume of subretinal fluid by analyzing the area of fluid in each horizontal B-scan multiplied by the distance between consecutive scans using Adobe Creative Suite (San Jose, CA, USA).
Statistical analysis
Statistical significance was determined using a paired Student's t-test and the Wilcoxon signed-rank test (Prism 6, GraphPad Software, Inc., La Jolla, CA, USA). The level of significance was set at Po0.05.
Results

Clinical case of non-arteritic AION
A 68-year-old man with history of hyperlipidemia presented with painless inferior visual field loss in the left eye. His best corrected visual acuity was 20/40 in both eyes, and he had a left relative afferent pupillary defect. His anterior and posterior segment exam was significant for 3601 of optic disc swelling in the left eye, most significant superiorly and least significant temporally (Figures 1a and b ). There were two small peripapillary flame hemorrhages nasally and marked narrowing of retinal arteries, especially superiorly. The contralateral, right optic disc was significant for C/D ratio of 0.
Static perimetry using a Humphrey's automated perimeter (30-2 threshold, SITA-Standard) revealed an inferior altitudinal visual defect and superior peripheral constriction in the left eye and normal visual field in the right eye (Figure 2a) . On SD-OCT circular scan, all layers of the peripapillary retina, including the retinal nerve fiber layer, appeared diffusely thickened in the left eye. On line scan through the optic disc and fovea, there was evidence of intra-retinal edema, best seen as hyporeflectance of the outer retina, distortion of the normal macular contour, and an increase in the total retinal thickness in the macula just temporal to the disc (Figure 1f ). The macular volume scan also showed that there was sub-foveolar fluid. His fluorescein angiogram revealed early staining of the left optic disc and patchy choroidal hypoperfusion extending off the optic disc (Figure 2b ). In the late phase, there was intense left optic disc hyperfluorescence (Figure 2c ).
Murine experimental AION
After induction of AION in mice, there were similar findings as in human AION. Fluorescein angiography performed 30 min following acute AION revealed intense staining of the optic disc in the AION eye ( Figure 3) . On day 1, the circular SD-OCT scans of the peripapillary retina showed no evidence of subretinal Using a qualitative analysis, we found that 14% of eyes showed a small amount of fluid, 36% a moderate amount, and 50% a large amount of fluid. The fluid accumulated superiorly in 50%, inferiorly in 42%, or both in 7%. The fluid was generally not located immediately adjacent to the disc, which was likely why it was missed in the circular scans. No subretinal fluid was seen at baseline or at 1 week after AION. Quantitative analysis found an average of 323 208±77 697 mm 3 of fluid in AION eyes, and no fluid was observed in the control eyes on day 1 (Po0.0001) (Figure 5b ).
Discussion
We report here an illustrative clinical case of NAION with prominent optic nerve head swelling, intra-retinal edema, and sub-foveolar fluid accumulation. To further explore this phenomenon, we performed SD-OCT analyses of murine experimental AION and found that intra-retinal swelling and subretinal fluid were common in murine AION. The subretinal fluid was prominent 1 day after ischemia and resolves by week 1. The SD-OCT volume scan was significantly superior to the circular scan in the detection of the subretinal fluid because the fluid did not accumulate immediately adjacent to the optic disc and the volume scan covered a larger area in the posterior pole.
The finding of subretinal fluid in humans has been previously described in one study of patients. 6 In this series of 76 patients with NAION, about half had some amount of subretinal fluid, and 10% had subfoveal fluid. Our clinical case demonstrates this finding well. The subretinal fluid accumulation is likely multifactorial. The ischemic optic nerve head and, sometimes, the surrounding retina become leaky with the breakdown of the blood retinal barrier, and this swelling and fluid overwhelm the capacity of the retinal pigment epithelium to reabsorb the excess fluid, leading to fluid accumulation in the subretinal potential space. 8 Muller cells and impaired venous return may also have a role. As the edema decreases over time, the fluid is absorbed and resolves. This could account for some of the improvement in vision that is typical of the clinical course of AION. 6 Our murine model of photochemical thrombosis seems to reproduce in mice the clinical findings seen after AION in humans with similar findings on histology, SD-OCT, and fluorescein angiography. As compared with humans, there seems to be a higher rate of subretinal fluid present in experimental AION, with all the treated animals developing subretinal fluid on day 1. This greater prevalence in murine AION may be partly related to superior control in the timing of animal studies, as patient OCT studies are typically done at variable times from symptom onset and small amount of fluid could have resolved prior to OCT studies. 6 The complete reabsorption of fluid by week 1 in murine AION indicates that the murine pigmented epithelium can rapidly balance the vascular leakiness caused by experimental AION. Overall, we have found that murine AION is an excellent model of human AION and provides a mechanism to characterize important aspects of disease and for studying potential therapies.
Despite its prevalence, there is no indication that the subretinal fluid and retinal edema seen in human and murine AION necessitate clinical intervention. The fluid is likely spillover from optic disc edema and resolves spontaneously without exacerbating the ischemia. Subretinal fluid and retinal ischemia are sometimes treated with anti-VEGF therapies such as in severe cases of diabetic retinopathy or central retinal vein occlusion. Rarely, human AION is treated with anti-VEGF or steroids. 17, 18 Certainly, ischemia could lead to the upregulation of VEGF and perhaps contribute to the formation of subretinal fluid. However, anti-VEGF therapy has been associated with exacerbation of retinal ischemia. 19 We feel that the benefit of such injections would be outweighed by the risks, especially given that neovascularization is not a common complication of nonarteritic AION.
Although the circular scan mode of the SD-OCT and segmentation of the retinal nerve fiber layer is the most commonly scan used to track patients with optic neuropathies in general, the circular scan alone does not adequately detect the peripapillary retinal changes and the presence of subretinal fluid in acute AION. The volume scan significantly increases the sensitivity of detecting retinal changes and subretinal fluid. The reason for this relative poor sensitivity of the circular scan is because the measurement is taken relatively close to the optic nerve head and misses fluid that accumulates further out. On the basis of our clinical and experimental findings, we now routinely perform circular retinal nerve fiber layer scan and macular volume scan to assess patients with AION. We also commonly use the 5-line scan, which shows continuous data from the optic disc through the macula and is particularly helpful to simultaneously assess subretinal and subfoveal fluid.
Recent SD-OCT software advancement has also allowed measurements of the macular ganglion cell complex, which reflects early retinal ganglion cell layer thinning better than the retinal nerve fiber layer analysis in acute and subacute AION due to superimposed optic disc swelling. Although this analysis has been reported to be less affected by optic disc edema compared with the circular scan, the presence of retinal edema and subretinal fluid in some patients with AION means that all OCT scans and automatic calculation of retinal thickness near the optic disc can potentially be affected by edema, and the clinicians need to evaluate the B-scans rather than relying on automatic software calculation of the retinal thickness measurements. 20 Despite these caveats, we anticipate that the SD-OCT macular scans will be used more routinely in cases of AION, and we speculate that a larger than previously described portion of patients may have some amount of retinal edema or subretinal fluid. A large, prospective study correlating visual function with OCT analysis will help to determine if the retinal edema and subretinal fluid are of significant impact to vision in AION and warrant therapeutic intervention.
Summary
What was known before K Some patients with anterior ischemic optic neuropathy develop subretinal fluid.
K Murine models of anterior ischemic optic neuropathy exist.
What this study adds
K A detailed clinical case of subretinal fluid after anterior ischemic optic neuropathy.
K The finding of subretinal fluid in 100% of mice that underwent experimental anterior ischemic optic neuropathy.
K Volume scan is superior to circular scan in the detection of subretinal fluid in murine anterior ischemic optic neuropathy.
